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.BSTRACT 


For the past several years, Lne NASA Marshall Space Flight Center 
has been Involved In the development of a block-oriented random access 
holographic memory system for the storage of large quantities of digital 
data. A key component of this system is the block data compocer or page 
composer. The page comooser serves the dual functions of a buffer memory 
and optical object whos3 hologram is ultimately stored in the memory. This 
program was devoted to a laboratory demonstration and preliminary system 
analysis of a new type of page composer designed to have the dual advantage 
of low optical loss and small size. 

The current page composer is optically addressed and functions 
by virtue of optically induced refractive index changes in the active 
material. Laboratory demonstrations of the device were successfully 
performed u«ing 10 x 10 bit and 128 x 128 bit data arrays. It has been 
established that the only significant obstacle to the construction of a 
brass-board model working at megabit data rates is the lack of sensitivity 
of the photorefract Ive materials which were considered during the course of 
this study. Possible materials for future consideration are the photo- 
plastics. While they have more than the required sensiti ity, their 
stability and suitability for double exposure holography has not been 
investigated. If a sufficiently sensitive material is found, then the 
photorefract ive page composer could be built to perform in a highly 
efficient fashion which would result in a overall reduction of the size 
of the memory system and an easing of the requirements upon the sensi- 
tivity of the holographic recording material. 
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INTRODUCTION 

For Che past several years, Che NASA Marshall space Flighc CenCer 
has been Involved in Che developmenc of a block*orlenCed random- access 
memory (BORAM) opCical syscem for Che scorage of large quanclcies of digiCal 
daca. The sysCem has been designed, sCudled and reduced co praccice, aC 
lease in Che form of a laboracory model, by The RadiaCion Division of Harris 
InCercype. A schemaCic of Che syscem is presenCed^^^ in Figure 1. 

The BORAM sysCem is a holographic sysCcm which accepts a scream 
of digiCal daca, via an appropriaCe incerface, aC Che Block DaCa Composer 
(Figure I) or "page composer". This device scores Che incoming daCa in an 
opCically accessible form. To compIeCe Che sCorage cycle, a hologram is 
made of Che opCical bic paCCem on Che page composer. The page composer 
is Chen erased so Chac ic can receive a new block of daca. The memory is 
read by reconsCrucCing Che hologram of Ciiw page composer on a suiCable 
deCecCor array. In Che ideal BORAM sysCem, Che page composer should have 
a 128 X 128 biC capacicy and should operaCe ac megabic races. 

The goal of Che presenC program has been Co demonscraCe Che 
feasibilicy of a novel page composer concepC which should resulc in a 
page composer which is signif xcanCly smaller and suffers from fewer opCi- 
cal losses Chan do previously suggesced versions of Chis device. The 
page composer, which will be described in deCail below, is opCically 
addressed and funecions as a resulc of a change in Che index of refre' ' ?n 
of Che page composer medium induced by che addressing beam. Hence, 
name "phocorefracCive page composer" (PRPC) for chis device. 

A laboraCory demonscracion of Che PRPC has been successfully 
carried ouc. In addicion, calculaCions and design scudies have been per- 
formed which indicaCe ChaC, wich che incorporaCion of a suicable phoCo- 
refracclve maCerial, Che PRPC can indeed solve many of Che currenC page 
composer problems. 



rK‘>" 



FIGURE 1. SCUEMATl' OF BLOCK ORIENTEL RANDOM ACCESS MEMJKY SYSTEM 
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TECHNICAL BACKGROUND 

A« a background to the body of this report, which will be con- 
cerned primarily with a description of the laboratory feasibility studies 
of the phctoref ract Ive page composer and the system considerations which 
will Impact on Its ultimate design, this section will deal successively 
with ; 

e The Function and Desired Characteristics of the 
Page Composer 
• fhe PRPC Concept. 

THE FUNCTION AND DESIRED CHARACTERISTICS OF THE PAGE COMPOSER 

In the BORAM system the page composer (PC) must perform two 
essential functions. First, as the data stream enters the memory system 
It Is stored In the PC In a predetermined geometric array. In Its capacity 
as a buffer memory, the PC must be able to store over 10 bits. To allow 
enough time for subsequent steps in the overall operatlor. of the memory, 
the PC must be aole to accept data at about twice the data rate of the 
entire system. Acceptance rates of greater than 10^ blts/sec are there- 
fore required. Since, In normal operation, the PC Is read only once. It 

can be a volatile memory. Additionally, since, at maximum data rates, 

-2 

It will be cycled every 10 se:. It need not have a very long storage 
time. Of course. If the Intrinsic storage time of the PC Is only several 
hundredths of a second, some provision would have to be made for handling 
very low data rates. 

The second function of the PC Is that of serving as the object 
whose hologram Is recorded in the memory plane. This function Imposes a 
number of optical requirements on the PC, as enumerated below. 

Size . Since the diameter of the page composer plays a large 
part In determining the dimensions of the entire optical system. It Is 

desirable to make the page composer about the size of th'* detector array. 

4 2 

As will be showr below a 10 bit PRPC can be smaller thc,n 1 cm . This 

allows an exceedingly compact optical system, but does limit the number 
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of I non hologram tiCef on Che memory plan which jan be addreaaed wichouc 
moving any of Che opClcal componenCs. Allowing cranslacional moclon of 
Che memory plane would, of course, remove Chis diffi* uiCy. 

Concrasc racio . Aa Che BORAM syacem is read by reconscrucdng 
Che hologram of Che page composer on a deCeccor array, Che conCrasc raCio 
of Che reconsCrucCion is one of che principal deCennining faccors in Che 
signal-co-noise racio, and cherefore in che blc error race of Che enclre 
memory sysCem. The PRPC can easily provide conCrasC racios well in excess 
of 100:1. 

OpCical ThrupuC . The signal beam which is used Co wriCe Che 
hologram in Che memory plane musC be cransmicced or reflecCed by che page 
composer in order Co have Che appropriace digiCal paccern imposed upon ic. 
Any opCical loss in Che page composer musC Cherefore be compensaced for 
by Che use of a larger laser or a more senslcive memory maCerial. The 
former approach is very undesirable from Che overall sysCem poinC of view, 
while Che problem of obcaining sensicive, reversible recording maCerlals 
sCill lacks a saClsfacCory folucion. The page composer should cherefore 
incroduce minimal losses inCo Che opCical sysCem. The PRPC manages Chis 
by using a maCerial which is, uC all Cimes, compleCely Crar.sparenC Co che 
oeam used Co wriCe Che hologram. 

ErasabiliCy . IC musC be possible Co resCore Che page composer 
Co a recepCive sCaCe wich a minimal use of energy or elapsed cime. As 
will be described below, iC is a feacure of che PRPC ChaC iC requires 
only parcial erasure Co resCore iC Co a recepCive sCace. 

THE PRPC CONCEPT 
Pho core f race ion 

The phoCorefracCive page composer is based upon che face chaC 
ic is possible Co effecC a signiflcanC, reversible change in che index 
of refraccion of some macerials by irradiaCiong chem wich lighc of an 
appropriace wavelengch and inCensiCy. Many such maCerials exisC. If 
Che opCically induced change resulcs in a color change Chey are called 



6 


phocochromlcf . If the change In absorpt .on spectrum occurs in the ultra* 
violet, there will still be associated index of refraction changes In the 
visible region even though the visible absorption spectrum remains unchanged 
Materials exhibiting this effect are called photorefractlve. 

( 2 ) 

Another type of photorefractlve mar-trial Is typified by LINIjO^. 
Here the change In Index Is due to the electiooptlc effect which causes 
optically induced changes In the electron distribution that result In 
Index of refraction changes. Both types of photorefractlve materials can 
be used In the PRPC. 

The Photorefractlve Page Composer 

The operation of the PROP can best be understood with reference to 
Figure 2, which Is a block diagram oJ a possible PRCP configuration. The 
first set 01 critical components are a pulsed laser followed by an optical 
gate and then a raster* scanned two-axis deflector. Along with suitable 
optics, this set of components forms and scans a pulsed, modulated laser 
beam across the next major component, the photorefractlve page composer 
plane. The plane contains a 128 x 128 array of resolvable locations, each 
of which receives a pulse which Induces an Index of refractive change An 
representing a digital one, or no pulse, representing a digital zero. The 
photorefractlve plane stores this pattern of Index variations until It Is 

used as the object of the hologram formed on the memory plane by Laser 2. 

As in any of the proposed holographic memory systems, the data is 
read out of the memory by reconstructing the hologram of the PC on a photo- 
detector array. In the present system, this would result In an Image of a 
phase object which would be unintelligible to the Intensity sensitive photo- 
detector array. Therefore, a phase reference must be Introduced to trant- 
form the stored phase Information into Intensity information. This is most 
simply done by first recording a hologram of the "empty" page composer, then 

filling the PC with the desired series of 0° and 180^^ phase shifts and super 

imposing the hologram of this data page on that of the reference page. When 
played out, the result will be the Interference pattern of the two holograms 
which will be the desired intensity pattern. 



^^eterence b< 

P*tiofo-refroctiwe from LASEf 2 Holoflrom 
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FIGURE 2. BLOCK DIAGRAM OF A POSSIBLE PRPC CONFIGURATION 
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The effecL of Incroducing « 180° phase ahifc Ir. part of Che 
hoLograre-wrlcl.ng beam can be undertcood by a brief conalderacion of a 
Mlchelaon Incerf eromecer . The ichelton Incerfcromecer produces an Inccr- 
ference paccem by recombination of two beams of light orlr^lnatlng from 
the same source as Is shown In Figure 3. The bright lines cl the inter- 
ference pattern represent regions of constructive interference or regions 
where the amplitudes of the two wavefronts are in phase. If one obseir/es 
a bright fringe while increasing the optical path length of one arm of the 
interferometer by half a wavelength, Che bright fringe now becomes a dark 
fringe. This occurs because the increased path length delays the arrival 
of the wavefront such that it is now 130° out of phase with the wavefront 
from Che ocher arm. As an alternative to increasing the path length of 

one arm, a Chin sheet of material of refractive index, n, , (n, ^ n , ) and 

I I air 

thickness, t, may be inserted into one arm. This changes the optical path 
length by (n^^ - c. If n^^ and c are chosen so only a 1/2 wavelength 

path length is produced the same effects on the fringe pattern as noted 
above are produced. This situation is analogous to the phase change in Che 
page composer. 

In the PRPC, the light beams associated with each arm of the 
interferometer are replaced by the holograms of the "empty" and filled 
pages. Because the geometry is not changed between the two exposures, the 
two holograms overlap perfectly and interfere constructively, producing a 
single uniformly bright i.-nage of the page composer except where a slight 
refractive index change is induced in a small element of the page composer 
between holographic exposures. If An is controlled so chat for part of 
the beam there is an effective path length change. Ant, which is a half 
a wavelength, then the phase of Che wavefront from that particular element 
is delayed by 130° for the second exposure. Since the reconstructed image 
of a hologram is composed of wavefronts Identical to Chose which came from 
the page composer during the recording process, Che two images will interfere 
constructively in all areas except for the elements having undergone the 180° 
phase shift. For these elements destructive interference will occur. The 
resulting image will be uniformly bright except for the small elements which 
will appear as a dark spot. 
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FIGURE 3. MICHELSON INTERFEROMETER SHOWING 
PARALLEL INTERFERENCE FRINGES 
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B«cau*« the page of data la ultlmitely recorded aa a phase dif- 
ference between a "reference page" and the data page, Index varlatlona in 
the reference page which are left unchanged In the data page will automati- 
cally cancel out. Thla meana that the photorefractlve plane doea not have 
to be completely eraaed between pages. Moreover, material Imperfections 
and beam Inhomogenletles which are constant In time will have no effects 
on the litformatlon read out of the memory. 


IL 


LABORATORY DEMONSTRATION OF THE PHOTOREFR ACTIVE PAGE COMPC'FR 

During Che course of chls program, experiments were performed 
which demonscraced Che feasibility of Che PRPC concept first on a 10 x 10 
array and Chen on a 128 x 128 Jittered array. The primary phoLorefractlve 
material and was Iron doped LlNbO^. 

A schematic diagram uT the laboratory arrangement Is shown In 
Figure 4. It differs In several Important aspects from the arrangement 
shown In Figure 2. First, In order to avoid the expense of a suitable 
Cwo-axls deflector, a fixed data mask was Imaged on the phoCorefractlve 
material to simulate the entry of a representative bit pattern. The use 
of a parallel data entry system to simulate the serial data entry of the 
actual device In no way alters the validity of the experiments since all 
subsequent steps occur In a time which Is much less than the retention 
time of Che phoCorefractlve material. Second, the mirror n the reference 
beam was mounted on a piezoelectric translator so that a n phase shift 
could be introduced In the reference beam between the two exposures of 
each double exposure hologram for reasons which will be discussed below. 
The hologram is a pseudo-Fourier- transform hologram since the recording 
material (Kodak 649-F) is located 3 Co 4 mm In front of Che focal plane 
of Che Fourier- transform lens. The field lens in Che data beam Is used 
to adjust the angular orientation of Che light rays in the data write 
beam so that they are approximately parallel to Che light rays In the 
hologram recording beam. 

In most of the experimental work performed on this program. Iron 
doped llciilum nlobaCe (LlNbO^) was used as the phoCorefractlve material. 
Since It is sensitive to blue light, the 488oA line of an argon- Ion laser 
was used to write the data Into Che PRPC. Since LlNbO^ has a much reduced 
sensitivity Co red light. It was convenient to use the 6328^ line of a 
He-Ne laser to record the holograms of the PRPC. Kodak 649-F places were 
used to record the holograms. 

A 10 X 10 bit array of 3CH* spots on lOOu centers was written, 
recorded and read out. The array was formed by imaging a drilled sheet- 
metal data mask onto Che LiNbO^ crystal. I.iltlally the double exposures 
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nGUn 4. BLOCK DIASBJH OF THE DE310NSTRATI0N 
HODEL OF THE PRPC 
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were mede without Introducing the ^ phase shift in the reference beam. The 
result of r< nstructing the hologram was a generally unsatisfactory array 
of dark spots on a bright back)(round. This situation was improved enormously 
by the introduction of a ^ phase shift in the reference beam between expos* 
ing the reference and the data holograms. This resulted in an array of 
bright spots on a dark background. 

There are two advantases in using the ^ phase shift between expo- 
sures. The first is that it is easier to photograph and see a small light 
area on a dark background, than it is to photograph and see a small da.*k 
area on a light background. The second reason is that it is easier to 
introduce a controlled phase shift with a piezoelectric translator in the 
reference beam than it is to determine the necessary exposure of the PRPC 
material to obtain a ^ phase shift. As will be discussed in detail in a 
later section of this report, the accuracy with which a tt radian (180°) 
phase shift is produced, determines the contrast ratio in the detector 
plane. For example an error of 0.2 radians (11.5°) in the phase shift 
will reduce the contrast ratio from a theoretical value of infinity to 
100:1. An additional .08 radians (4.8°) reduces the contrast ratio to 
50:1. The contrast ratio is also dependent upon the intensity balance 
between the two holograms. 

Figure 5 is a photograph of the magnified real image of a double 
exposure hologram of the PRPC with the 10 x 10 bit array written in it 
between the two exposures. Figure 6 is the truth table for the mask. 

A (*) represents a hole in the mask. There is some nonuniformity of the 
dots in the array of Figure 5 because of nonuniformity in the beam 
illuminating the data mask. 

The PRPC material had been written in several times in the general 
area shown in Figure 5 before the reference hologram for the displayed data 
array was made. There is a complete alsence of the previously written data 
in this reconstruction, demonstrating that it is not necessary to completely 
erase the previous data everytime new data is to be written. Of course the 
old data will have to be erased eventually, since there is only a limited 
.5n available in the PRPC material. 
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FIGURE 5. REAL IMAGE OF A DOUBLE EXPOSURE HOLOGRAM OF 
10 X 10 BIT PATTERN ON PR PC 
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FIGURE 6. TRUTH TABLE FOR 10 x 10 DATA MASK 
(* INDICATES A HOLE IN THE MASK) 



16 


The experimental arrangement shown In Figure 4 was also used to 
record and play back an 128 x 128 data array. The bit locations on li.Is 
mask are slightly displaced (In a quasi- random fashion) from their Ideal 
location, thus placing a higher strain on the system resolution. The 
data mask was projected on the PRPC so that It formed an Image of about 
1.3 X 1.3 cm, giving an approximate 100 ..m center- to-center dot spacing. 

A magnified Image of the p'ay back of the recorded data array Is shown 
In Figure 7. The nonunlfo*.T.ilty of the contrast ratio across the data 
array Is caused by the lack of stability of the holographic apparatus 
over the long (10 min.) time period between the two hole gram exposures 
which elapses while the data Is written In the PRPC. This should not be 
a problem In a working system where the time between the two hologram 
exposures should be on the order of 10 msec. It should also be pointed 
out that the current system was designed for laboratory demonstration 
purposes only and does not have the thermal stability expected In a well 
designed brass-board device. 

The long data writing time required In this demonstration is 
due in part to ti^e Insensitivity c>f the iron doped LlNbO^, but the pri- 
mary cause Is that the data are entered by the flood Illumination of a 
mask which is very inefficient, but inexpensive way to simulate data 
entry Into the PRPC. Some of the data points are missing in one of the 
comers of the array because they were cut off by the dlchroic mirror 
mount. A truth table for the 128 x 128 data array Is shown In Figure 8. 

Attempts were made to use various cls-trans materials a.s the 
photoref ractlve element. However, as discussed below, their sen> itlvltles 
were found to be so low that prohibitively long exposure times were 
required . 
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FIGURE 7. RECONSTRUCTION OF DOUBLE EXPOSURE HOLOGRAM OF 
128 X 128 BIT JITTERED MASK 
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FIGURE 8. TRUTH TABLE FOR 128 x 128 DATA MASK 
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SYSTEM CONSIDEIUTIONS 

In this tecclon various aspects of the PRPC will be analysed 
<tnd discussed with the goal of pointing out some of the Important design 
criteria and assessing the ability of available components and materials 
to function as required In an operational photorefractlve page composer. 
Among the subjects discussed are the photorefractlve material, some opti- 
cal design considerations, and the availability of de actors which would 
be comoatlble with the optimal PRPC design. 

The major problem In constructing a PRPC to operate at a data 
rate of 10^ blts/sec using reasonable laser powers Is shown to be the 
poor sensitivity of available photorefractlve materials. This problem 
can be partially solved by reducing the bit size, but excessive reduction 
of this dimension will lead r- optical problems. It will be shown that 
the performance of the PRPC Is remarkably Insensitive to variations In 
the phase shifts Involved, and that the appropriate detector arrays are 
within the current state of the art. 

PHOTOREFRACTIVT MATERIAL CONSIDERATIONS 


Material Sensitivity 


The behavior of the photorefractlve material will be described 
In terms of the following quantities: 

t - the thickness of the photorefractlve material 
d - the diameter of a bit on the PC 
An - the change -^f Index of refraction 

X - the wavelength used to write the hologram of the page. 

H 

The Index change corresponding to a phase shift A6 Is 


An 


h 

2rr t 


( 1 ) 


We will see below that typical values for the parameter In Equation 1 are 

X„ ■ .633 and t - 1 ram. Therefore, to achieve the optimal phase shift 
H 
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-4 

of n radiant, wa require An ■ 3.2 x 10 . IC la obviously of crlclcal 

importance to know how much laser energy Is required to produce this 
change. To perform this calculation we will assume that the region In 
which the An occurs is a perfect cylinder of diameter d ■ 50 and 
height t > 1 im and will explicitly consider a r. mber of photoref ractive 
materials . 

LiNbO - . For iron doped LiNl>0. , we have determined that 

-2 2 

irradiation with E ■ 0.15 x 10 Joules/mm of .488 radiation leads to 

a change in index of refraction of 3.79 x 10 Assuming that An is 

linear in E, we find that approximately 25 x 10 Joules are required to 

produce a An of 3.2 x 10 ' in the 50 x 1 nm volume. 

(4) 

cis-trans Material . It has been shown that cis-trana isomeri- 
zation of AM moles of cis-4-nitro-4 '-methoxystilbene in solution leads to 
an index cnange given by 

An - 2.337 X 10‘^ AM. 

To obtain the desired value of An, it is therefore necessary to switch 

3.2 X 10 ^ moles x 6.02 x 10^^ molecules x 1.96 x 10 ^ liter 
2.337 X 10“ liter mole bit 

■ 1.62 X 10^^ molecules 
bit 

Assuming half the writing light is absorbed and that the Isomerization 

12 

proceeds with a quantum yield of 1/2 we see that 4 x 10 photons or 

1.6 X 10 ^ J of blue light are required to write a spot. 

Unfortunately, the above results apply only to stllbene in 

solution. Experiments with various molecules in rigid matrices have 

(3) 

yielded much lower values of An/photon due to decreased quantum yield 
values. The numbers appropriate to the PRPC rre summarized in Table 1 
for several molecules. 

Goal Memory Material . By "goal memory material" is meant a 
photoref ract ive material capable of satisfying the memory plane require- 
ments initially set up for the BORAM system, that is, the ability to form 

2 

a 1 percent efficient phase hologram with 50 Joules/nm of writing energy. 
Application of the diffraction efficiency equation. 
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1 


sin 


^2X cos 


( 2 ) 


where C Is Che hologrem thickness, and 9 - 20° Is Che angle between Che 
two writing beams, indicates Chat such a material would require 0.56 MJ/bic 
if used as a page composer material. 

The above results are sunsnarlzed in Table 1. In addition, the 
laser power required to write at the rate of 10 bits/sec is indicated. 

It can be seen that both Che "ideal" sCllbcne and the goal memory material 
have sufficient sensitivity to perform well. Of the available materials, 
LiNbO^ lacks about a factor of 25 in sensitivity, some small part of which 
may be recovered by using wavelengths shorter chan 4880Jl. It is evident 
Chat much more work will have to he done on the cis-crans materials before 
they are sufficiently sensitive to be seriously considered for this appli^ 
cat ion . 


TABLE 1. OPTICAL ENERGY AND POWER REQUIREMENTS FOR VARIOUS 
PHOTOREFRACTIi'E MATERIALS IF USED IN PRPr 


Material 

,/ 2 
J/ram 

4n 

Joules 

-4 

(An ■ 3.2 .X 10 ) 

Watts for 
10^ bits/sec 

★ 


-6 


LiNbOjtFe 

39 

25 X 10 

25 

cls-trans 




’ideal" cls-trans 


• h 


material 

2.5 

1.6 X 10 

1.6 

h 

stilbene in gel 

1.2 X 10^ 

7.5 X 10"^ 

750 

indigo* in polymer 

6.6 X 10^ 

0.4 

4 X 105 

"Goal” memory material 

0.9 

.56 X 10-7 

0.56 

* Derived from data in 

Reference 3. Here 

we are concerned 

with incident 

rather chan absorbed 

energy, so values 

differ from those 

tabulated in 


Reference (3). 
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Optlmtiaelon of Wrlf-Er«s« Cycl« 

On* of ch* major advantage* of the double exposure hologram 
technique used In the PRPC is the fact that it is isCvcr ncccssAry Co 
completely erase the page composer. Nevertheless, since all materials 
must show a saturation in their photorefractiv# behavior, some provision 
must be made for erasure. Since the details for optimization of the 
write-erase procedure must depend upon the specific photoref ractive 
mechanism, we will discuss only a representative example based upon the 
reversible photoconversion of an atomic or molecular species A to species 
B. For this situation, the change in index as a function of write (erase) 
energy density is exponential, as shown in Figure 9. The figure also 
shows erase behavior for a fixed erase intensity applied after various 
degrees of A -* B conversion. We sec that A - B conversion process is 
essentially linear at the A-rirh (left) end of the curve, but that the 
B - A conversion is more efficient at the high end. A compromise must 
therefore be made between writing linearity and erase efficiency. The 
details of the compromise will be influenced by the allowable departure 
from ideal contrast ratio as discussed below. 

OPTICAL CONSIDERATIONS 

Effect of Phase Shifts Upon Contrast Ratio 

The contrast ratio in the reconstruction of the data is depen- 
dent primarily on three factors; the hologram intensity ratio, the 
reference beam phase shift between holograms, and the phase shift produced 
by writing a bit in the PRPC. The contrast ratio can be calculated by 
taking the vector sum of the various components of the two holograms used 
to record the data. Flgu'.e 10 shows how the various components are to 
be added. A is the amplitude of the first (reference) hologram. B is the 
amplitude of the second hologram in the background and points where zeros 
are to be recorded, b' is the amplitude of the data points where ones are 
to be recorded. We will assume there is no photochromlsm so B^ will be 



23 


IME 


FIGURE 9. TYPICAL BEHAVIOR OF INDEX OF REFRACTION DURING WRITE- ERASE 
CYCLE. WRITING IS ACCOMPLISHED BY PARTIAL CONVERSION OF A 
TO B. ERASE BEHAVIOR IS SHOWN FOR APPLICATION OF THE SAME 
ERASE POWER INITIATED AT SUCCESSIVE POINTS ALONG THE WRITE 
CURVE. THE WRITING POWER IS, OF COURSE, ASSUMED TO BE 
TURNED OFF DURING THE ERASE OPERATION. 


’4 



FIGURE LO. DIAGRAM FOR VECTOR AEDITION OF TWO PHASE SHIFTED HOLOGRAMS 
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equal Co B. V l» the phase shift Introduced in the reference beam 
between Che two hologram exposures. 3 is the phase change written in 
the PRPC In the "one" positions. R Is the "zero" amplitude and S it the 
"one" amplitude. K Is the Intensity ratio of the two holograms. The 
contrast ratio C, Is the Intensity ratio of the "ones" to the "zeros". 

The background and spot ("one") Intensities are given by 
Equation 3 and Equation 4, respectively. 


R^ - -h B^ + 2AB cos 'jr 

- A^ + B^ + 2AB cos (y * 6) 

The contrast ratio Is given by 

'} 1/2 « 

^ S" K 1 2 K cos (V - 3) 

^“„2 "k + 1+ 2 cos r 


(3) 

(4) 

(5) 


where 

K - A^/B^ . (6) 

Figure 11 shows the contrast ratio as a function of for 
several values of K and 3. As can be seen the contrast ratio Is rather 
Insensitive to Che phase shift In the PRPC. A phase shift of only V0° 
Instead of the optimum 180° reduces the contrast by only about 50 per- 
cent. The contrast ratio I'l also fairly Insensitive to the Intensity 
ratio between the two holograms. A K value of .8 still capable of pro- 
ducing a 160:1 contrast ratio. However, the contrast ratio Is quite 
sensitive to the phase shift | of the reference beam between holograms. 

As was mentioned before, an error of 12° from the desired 180° reduces 
the contrast ratio below 100:1. 


Thickness of the Photorefractlve Material 

The maximum usable thickness of the photorefractive material 
for the PFPC Is limited by two related problems, overlapping of the spots 
and decrease of Intensity of the writing beam away from the "focal" plane. 
Both of these problems are due to diffraction phenomena. A usable criterion 
for both cases Is to use the point at which the Intensity on the beam axis 
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falls to 80 percent of its peak Intensity as the limit of the usable beam 
extent. For a beam with a gausslan profile with Its waist r^ at the PRPC 
Its diameter r^ at a distance d^ from the waist Is given by 

-d,X - 2 . 1/2 

■^2 • 'o * L^J ) 

° 

The on- axis Intensity dro^s to SO percent of Its peak value when ■ .8. 

This gives a value of ” for the maximum thickness. Figure 12 ^s a 

'“air 

plot of maximum allowable thickness of the PRPC material versus the spot 
diameter for two writing wavelengths and two Indlcles of refraction of 
the material. 

The use of small (100 ^m) center to center spacing of the data 
In the PRPC puts an upper limit of 15-30 nni on the PRPC hologram spacing 
due to the limited resolution of 1 mm diameter holograms. This then 
Implies a larger angular swing of the hologram writing beams to reach a 
new hologram location than Is required by larger format PC's. This Is 
of course no problem If the hologram plane can be moved. 

Page Composer Read-Out Efficiency 

One of the major problems in the BORi^M system Is the delivery 
of enough energy to the holographic memory plane to enable data recording 
at a rapid rate while using reasonable laser powers. It Is tnerefore 
Important that the page composer have minimal insertion loss and that the 
hologram writing signal beam be used as efficiently as possible. 

One of the major advantages of the PRPC Is that It can be 
constructed using materials which are essentially completely transparent 
to the radiation used to write the hologram in the memory plane. However, 
there is still a geometric inefficiency which can be overcome by the 
optical approach descrlbt^d below. The problem and the suggested solution 
Is not unique to the photorefractlve page composer, but should be appli- 
cable to a variety of page composer concepts. 

The desired form of the data In a page composer Is an array dots 
of diameter d with an average center to center spacing of 2d. For this 
geometry, only about 20 percent of the area of the page composer is active. 
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FIGURE 12. MAXIMUM ALLOWABLE PHOTOREFRACTIVE PLANE THICKNESS AS A 
FUNCTION OF SPOT DIAMETER FOR SEVERAL VALUES OF X AM) n 
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Thac ts, only 20 percent of the area has useful Information; the rest of 
the area never changes. If the page composer Is illuminated by a bean of 
uniform Intensity, this means that at best only 20 percent of the hologram 
writing light energy carries useful Information. It should be possible to 
take a large fraction of the 30 percent of the light that falls on the 
Inactive regions and put It through the active areas by using a lenticular 
or holographic lens array. Referring to Figure 4 the lens array would be 
placed between the dlchrolc mirror and the Fourier transform lens so 
that It projects an appropriate array of dots on the photorefractlve 
material. In this way an Increase of up to a factor of four In the PC 
efficiency would be effected and the sensitivity required of the holo- 
graphic recording material would be reduced proportionately. 

The Detector Plane 


To read out the Information stored In the memory, It Is necessary 
to reconstruct the Individual holograms onto a detector array which Is 
capable of being read out serially. Since the optics are simplest If 
the data array on the PRPC Is dimensionally the same as the detector 
array, a brief survey of detector technology was performed to ascertain 
the availability of suitable detectors. 

The detector plane requires a two-dlmer: lonal array of light 
sensing elements which can be sequentially scanned and read out serially 
llne-by-llne or coluran-by-coluran. The array should be 128 x 128 vO'.ements 
on approximately 100 ,im ce.iters , yielding an overall dimension nominally 
1.28 X 1.28 cm. The overall dimension can be rectangular rather than square 
If necessary. The light-sensitive element should be on the order of 50 ..m 
In diameter. Scan rate should be at least 10 blts/sec. Spectral sensi- 
tivity should be In the visible region with maximum response to be deter- 
mined by the requirements of the holographic recording material. 

Several different types of imaging devices have been developed 
which meet or exceed these requirements (In terms of element density). 

Theoe range from the conventional TV vldlcon and similar electron- beam 
scanning devices employing a continuous layer of light-sensitive material 
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for the screen, to Che electron-beam- scanned array of discrete detectors, 

Co Che electronically or self- scanned array of detectors which, since it 
does not require an electron beam, operates free of an evacuated enclosure. 
It may be possible to use an off-the-shelf unit of one or another of these 
imagers with but minor modification to Che scanning circuitry to fit Che 
requirements. In other cases, such as an Imager employing a two-dimensional 
array of detector elements, the array may have to be custom-manufactured by 
techniques based on proven technology. Following are brief descriptions 
of different types of imagers which can be adopted to the application of 
interest . 

Silicon self-scanning photodiode arrayC; both linear and two- 

dimensional, are manufactured by the Reticon Corporation. Electronic 

digital multiplexing is used to sample each element sequentially, or, by 

appropriate circuit design, in some other preferred order. The photodiode 

integrates photocurrent during its "off" period and therefore sensitivity 

is a function of scan rate. A 32 x 32 array, with elements on 100 ,.m 

centers, is a stock item. Each element has a light-sensitive area of 
2 

195 M-m or 14 ii,m on edge (if square). The balance cJ the element area 

is devoted to the shift register. Peak spectral response is at 0.95 N>m. 

4 6 

Sampling rates range from 2 x 10 to 5 x 10 Hz. 

CCD (charged-coupled device) se If- scanning imaging arrays employ 
silicon technology for both the detector and associated charge-coupled 
elements. CCD imagers have the potential for higher element density and 
lower inherent noise than the photodiode arrays. An analog charge- transfer 
shift-register scheme is used to sample serially each detector element and 
move the acquired charge packets through a series of potential wells to 
the ouptut. Scanning patterns are restricted to sequential scanning, 
although interlacing of lines, as in TV vidlcons, can be provided. The 
goal of 512- line, TV-quality imaging has been achieved, although imagers 
of poorer resolution are on the market. 

The Fairchild Camera and Instrument Corporation is a principal 
manufacturer of both linear and two-dimensional CCD arrays. They have 
announced a 190 x 224-element array on a 5.7 x 4.4 mm chip.^^^ 


Their CCD 
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201 device Is a 100 x 100 elemenc array with interlaced scanning having an 
aspect ratio of 4:3.^^^ Elements, which comprise both a photosensitive and 
a light-shielded charge- storage region of about equal area, are 30 x 20 »m. 
Center- to-center spacings are 40 x 30 .*m. The array dimension therefore 
is approximately 4x3 mm. The spectral response maximum occurs at about 
0.95 ,.m. Scan rate is from 10^ to 4 x 10^ Hz. 

Vidicons and related electron-beam scanning- type imaging devices 
(such as the Plumbicon) have been, for the most part, designed for studio 
and industrial TV with emphasis on high resolution. Resolution, in most 
cases, is limited by the diameter of the electron beam rather ihan the 
characteristics of the photosensitive screen. Nominal TV vidicon resolu- 
tion is 20 line pairs per millimeter, or effectively a line center- to-c«nter 
spacing of 50 ^m. Circular photoconduct Ive screen diameters generally are 
0.5, 1.0, or 1.5- inch and accomodate an image aspect ratio of 4:3. The 
spectral response of vidicons peaks at about 0.45 n-m, although this can be 
tailored within the visible region in custom designs. Scan rates can Le 
extended into the several-megahertz region. Moderate alternations to the 
scanning and focusing circuitry conceivably could adapt a 0.5-inch vidicon 
to the application of interest. 

A number of imaging devices have not been discussed. The CID 
(charge- Injection device) imager developed by the General Electric Company, 
is similar in the respects of interest to the CCD imager. Sampling is 
done differently and access is provided to each element independently. 

Thus, random access or nonsequential scanning is possible. Arrays com- 
parable in performance to the CCD imager, and possibly having lower noise, 
have been announced but are not offered on the open markzt. Element density 
can be expected to be about the same as for the CCD arrays. 

A number of electron- beam scanned imaging tubes have been omitted 
since they differ from the vidicon, as far as performance is concerned, pri- 
marily in sensitivity, spectral range, susceptibility to "blooming", etc. 
These include the image orthicon, image isocon, lead-oxide target and 
silicon-target tubes, the SEC (secondary electron conduction) tube, the 
return-beam vidicon, the pyroelectric vidicon, and more. Some of these 



32 


hav* phocoemissive rather than photoconduct Ive targets. But as far as 
"element" size, center-to-center spacing, etc., goes, they are all com- 
parable to the vldicon. 

It is evident from this brief review of relevant detector 
technology, that there Is a variety of detectors which are compatible 
with the geometry of the PRPC. It should therefore be possible to main- 
tain the compact PRPC system and simultaneously have the advantage of the 
page composer and detector planes being equldlmenslonal . 
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SU>1MARY AND CONCLUSIONS 

During the course of this program, it has been clearly demon* 
strated, in terms of a laboratory mcdel. that the photoref ractive page 
composer concept is a sound one and that through the use of the double 
exposure hologram technique, it is possible to construct a 128 x 128 
bit array with high contrast using a page composer which is only 1.3 cm 
on an edge. It has been established that the only significant obstacle 
to the construction of a brass-board model working at 10^ bits/sec is the 
lack of sensitivity of the photoref ractive materials which were considered 
during the course of this study. Possible materials for future considera- 
tion are the photoplastirs . While they have more than the re'*uired sensi- 
tivity, their stability and suitability for double exposure holography has 
not been investigated. If the photoplastics, or other suitable materials 
are available, then the photoref ractive page composer could certainly be 
built to perform in a highly efficient fashion which would result in an 
overall reduction of the size of the BORAM system and an easing of the 
requirements upon the sensitivity of the holographic recording material. 
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